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Controlled ink-jet printing and deposition of organic polymers and solid particles
Gö khan Perçin, a) Thomas S. Lundgren, b) In this letter, we present a technique for the deposition of inks, organic polymers and solid particles, using a fluid ejector. The ejector design is based on a flextensional transducer that excites axisymmetric resonant modes in a clamped circular membrane. It is constructed by bonding a thin piezoelectric annular ring to a thin, edge supported, circular membrane. Liquids or solid particles are placed behind one face of the membrane which has a small orifice ͑50-200 m diam͒ at its center. By applying an ac signal across the piezoelectric element, continuous or drop-on-demand ejection of photoresist ͑Shipley Microposit S1400-21, S1400-27, S1805, and S1813͒, oil-based ink, water, or talcum powder ͓Mg 3 Si 4 O 10 ͑OH͒ 2 ͔ has been achieved. Successful deposition of photoresist has been accomplished without spinning, and thus without waste. Patterning of 10 m features, by baking, exposure, and developing, has revealed no defects in the deposition process. A boundary integral method was used to numerically simulate drop formation from the vibrating orifice. Simulations have been used to optimize ejection performance. © 1998 American Institute of Physics.
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There is a continuing need for alternative deposition techniques of organic polymers in precision droplet-based manufacturing and material synthesis, such as the deposition of doped organic polymers for organic light emitting devices of flat panel displays, 1 there is also need for deposition of photoresist without spinning on large or oddly shaped substrates. In addition, small particle ejectors are necessary for the study of heating and combustion behavior of small solid particles, such as coal and metals. 2 To date, there has been no report of a drop-on-demand solid particle ejector that can eject fine solid particles with spatial control, although a pneumatically operated solid particle ejector has been reported by Hwang. 2 Of all the needs for a liquid or solid particle ejector, the deposition of organic polymers used in semiconductor manufacturing and microelectromechanical systems ͑MEMS͒ is worth the most attention. Photoresist coating is one of the most expensive steps in the lithography process of microelectronics fabrication. The photoresist film, after application to the substrate, must have uniform thickness and must be chemically isotropic so that its response to exposure and development is uniform. In the literature, numerous types of photoresist coating methods have been reported: 3, 4 spin coating, spray coating, dip coating, meniscus coating, plasmadeposited photoresist, electrodeposited ͑electrophoretic͒ photoresist, roller, curtain, and extrusion coating. Despite some problems spin coating is the method of choice of the microelectronic industry. In present applications, over 95% of the photoresist is wasted and has to be disposed of as a toxic material, increasing the cost of this already expensive step. Radial thickness variations associated with the spinning process must be avoided. The origin of the potential variations in physical properties of the photoresist film lies in the spin coating technique. Large amounts of extra free volume are trapped in the film during the spin coating.
The device we developed uses a drop-on-demand method to dispense photoresist on silicon wafers. Drop-ondemand coating of a wafer reduces both waste and cost. In addition to reducing waste, this method can be used to coat oddly shaped substrates ͑i.e., flat panel displays͒, to planarize the resist profile on the wafers ͑i.e., putting more resist on some parts of the wafers͒, to finely control its spatial distribution in real time, and to do direct write for MEMS where critical dimensions are of the order of microns. The piezoelectric fluid ejector can find applications in integrated circuit manufacturing not only for photoresist coating but also for dispensing chemicals to desired regions, such as liquids, gaseous materials, and fine solid particles. The ejector does not damage sensitive fluids.
A schematic of the novel ejector is shown in Fig. 1 . A thin sheet of brass, a shim, with a small orifice is bonded to a piezoelectric ring as described in Perçin et al. 5 A cylinder attached to the shim serves both as a fluid reservoir and to clamp the ends of the compound membrane formed of the shim and piezoelectric. The reservoir is open, and the fluid is at atmospheric pressure. An ac voltage is applied to the membrane to set it into vibration. At the resonant frequencies of the fluid loaded compound membrane, the displacement at the center is large. The fluid behind the orifice is accelerated as the membrane moves. When the inertial force is larger than the surface tension force that holds it to the orifice, a drop is ejected from the orifice. The size of the drop and its initial speed depend on the fluid, the size of the orifice, and the energy supplied to the transducer. A unique feature of the device is that the fluid is not pressurized, and the vibrating membrane contains the orifice as the ejection source. Thus, the device can be manufactured by surface micromachining and is amenable for implementation in the form of twodimensional arrays. Indeed, a silicon micromachined version of the device is presently under development in our laboratory. 6 We designed the transducer to have a maximum displacement at the center of the membrane at the resonant frequency described in Perçin et al. 5 Analyses of similar devices such as those of Allaverdiev et al. 7 and Vassergiser et al., 8 were helpful in identifying the important parameters of the device. Similar ejector designs can be found in Ström, 9 Maehara et al., 10, 11 Ueha et al., 12 Tetsuo, 13 and Ivri.
14 The vibrating membrane raises the pressure in the liquid above atmospheric during part of the cycle, and if this is high enough to overcome inertia and surface tension restoring forces, drops are ejected through the orifice. If the membrane displacement amplitude is too small, the meniscus in the orifice simply oscillates up and down. If the frequency is too high, the pressure in the fluid does not remain above atmospheric long enough to eject a drop. An estimate of the correct balance can be found by considering the Kelvin equation 15 (2/ f 2 ) 1/3 which gives the wavelength of linear capillary waves driven at frequency f on a plane interface. The parameters and are surface tension and density of the liquid. If is much smaller than the diameter of the orifice, the vibrating membrane will simply setup short ripples on the liquid surface. This suggests that a dimensionless surface tension parameter, Sϭ2/a 3 f 2 , where a is the radius of the orifice, should be of order 1 or greater.
A computational model which simulates droplet ejection has been developed using a boundary integral method similar to one used previously. 16, 17 The previous work did not have solid boundaries, however, therefore modifications were necessary. Singular potential flow dipole solutions were distributed along the liquid/air interface in an axially symmetric configuration, as in the previous work, and singular source solutions were distributed on the solid membrane surface. Enforcing boundary conditions on these surfaces, pressuresurface tension balance on the liquid interface, and specifying the velocity on the solid membrane gives integral equations to determine the dipole density and the source density functions. The use of both dipoles and sources in this manner results in coupled Fredholm equations of the second kind which can be solved simultaneously by an iterative process.
These equations were made dimensionless using the radius of the orifice as the characteristic length and the period of membrane oscillation as the characteristic time. The only parameter which remains in the equations is the surface tension parameter S introduced previously. This provides a scaling law for drop ejection. All other things being equal, such as amplitude and membrane mode shapes, this shows that droplet size and shape is only a function of this single dimensionless parameter. For instance, if f is made larger, then either the orifice radius should be smaller or made larger to compensate. It should be emphasized that viscous effects have been neglected in this analysis. A Reynolds number: Reϭa 2 f/ , which describes the ratio of inertial forces to viscous forces, should be sufficiently large for the analysis to be valid.
In the computation, drop ejection is initiated by pushing the membrane downward from an elevated stationary position to a depressed position where it is stopped. That is, it moves through a half-cycle with a motion which produces a flow rate through the orifice of qϭq max sin(2t) with 0Ͻt Ͻ0.5 and q max ϭ3.1 l/s for the simulation shown in Fig. 2 . The simulated droplet ejection closely resembles the actual water droplet ejection picture with a similar elongated tail. This is seen in Fig. 2 where the simulated droplet ejection is shown, with actual dimensions, at three times during a cycle. The orifice diameter is 60 m, the ejection frequency is 16.4 kHz ͑period 60.97 s͒, and the ejected fluid is water. The diameter of the drop is 82% of the orifice diameter and the final velocity is about 1.64 m/s based on the distance between the heights of the last two frames. This value is a reasonable approximation to 1.54 m/s that was measured in the experiments, at this amplitude and frequency. In the computation, the drop pinchoff time was 41.95 s, Reϭ14.70, and the surface tension parameter Sϭ20.0. We have used ϭ1.004ϫ10
Ϫ6 m 2 /s, vϭ1.54 m/s, ϭ72.7ϫ10 Ϫ3 N/m, ϭ1 g/cm 3 for calculating these parameters. Scale model devices were fabricated using the optimum configuration obtained by finite element analysis as described earlier by Perçin et al. 5 The reservoir was a brass cylinder of height 8 mm. A 25 m thin shim was bonded to the 25 m thick piezoelectric ring. The inner and outer diameters of the ring were 2 and 7 mm, respectively. The orifice diameter ranged from 50 to 200 m and was made using either a drill in a small lathe, or by chemical etching.
Shipley Microposit S1400-21, S1400-27, S1805, and S1813 photoresists were ejected using the ejector under the conditions described in the previous section, with a 200 V peak to peak voltage. Figure 3 shows photoresist patterns that were exposed and developed into the wafer. The lines and spaces are 10 m wide. The ejected photoresist drop size in air is 85% of the orifice size which is 110 m. The resist is 3.5 m thick and has a surface roughness of about 0.2 m. The resist coating was done in a dry laboratory and contains dust particles and nonuniformity due to the quick evaporation of the solvent in the resist. Using a chamber with a solvent saturated environment will alleviate both problems of dirt incorporation and nonuniformity. Figure 4 demonstrates the ability to deposit lines of photoresist that are 350 m wide. Narrower lines can be deposited with smaller drops.
Coating in a clean environment will allow the lithography of circuits for microelectronic applications. Figure 5 presents the drop-on-demand direct write of fine solid particles on a sticky tape. Talcum powder ͓Mg 3 Si 4 O 10 ͑OH͒ 2 ͔ with particle size of 9-18 m was ejected through a 60 m diameter orifice. The deposited solid particle linewidth is 270 m. The deposited linewidth can be reduced by decreasing the ejector to sample spacing.
In summary, we have developed a novel fluid and solid particle ejector, and a novel photoresist coating technique. The ejector was also demonstrated with water, ink, and talcum powder. The ejector design, based on that of a flextensional transducer, was optimized using a finite element analysis. Simulation software for computing drop formation from a vibrating orifice was developed by using a boundary integral method. This novel ejector can be silicon micromachined into two-dimensional arrays. 
